Abstract. High-intensity, long-duration continuous auroral electrojet (AE) activity (HILDCAA) events may occur during a long-lasting recovery phase of a geomagnetic storm. They are a special kind of geomagnetic activity, different from magnetic storms or substorms. Ionized particles are pumped into the auroral region by the action of Alfvén waves, increasing the auroral current system. The Dst index, however, does not present a significant downward swing as it occurs during geomagnetic storms. During the HILDCAA occurrence, the AE index presents an intense and continuous activity. In this paper, the response of Brazilian equatorial ionosphere is studied during three HILDCAA events that occurred in the year of 2006 (the descending phase of solar cycle 23) using the digisonde data located at São Luís, Brazil (2.33 • S, 44.2 • W; dip latitude 1.75 • S). Geomagnetic indices and interplanetary parameters were used to calculate a cross-correlation coefficient between the E y component of the interplanetary electric field and the F2 electron density peak height variations during two situations: the first of them for two sets daytime and nighttime ranges, and the second one for the time around the pre-reversal enhancement (PRE) peak. The results showed that the pumping action of particle precipitation into the auroral zone has moderately modified the equatorial F2 peak height. However, F2 peak height seems to be more sensitive to HILDCAA effects during PRE time, showing the highest variations and sinusoidal oscillations in the cross-correlation indices.
Introduction
The conditions of the interplanetary environment are dominated by solar activity. During the maximum solar activity period some structures are more predominant, such as flares and coronal mass ejections (CMEs) (Wagner, 1984; Kahler, 1987; Webb and Howard, 2012) . CMEs consist of huge numbers of energetic particles and magnetic energy release processes in the Sun, resulting in considerable effects in the Earth's ionosphere-thermosphere domain, eventually affecting satellite-borne instrumentation and ground electric power transmission networks. Once the CMEs with southward component of the interplanetary magnetic field (IMF) B z reach the Earth, magnetic storms occur suddenly, generating large disturbances in the magnetosphere-ionospherethermosphere system. It is well known when the IMF B z has a sudden southward turning can cause an eastward prompt penetration electric field during daytime and westward at nighttime (Kelley, 1989) . Such an electric field is associated with an undershielding condition (Santos et al., 2016) . A sudden northward turning causes the opposite effect which is associated with an overshielding condition. The equatorial Flayer dynamics moving up and down are controlled by the eastward and westward electric field, respectively.
During the declining phase of the solar cycle and the solar minimum period, another structure plays a major role. This structure is known as the corotating interaction regions (CIRs) (Smith and Wolfe, 1976; Watari, 1997; Gosling and Pizzo, 1999; Richardson, 2004) . CIRs are created by the interaction of high-speed streams with upstream slow-speed streams. Despite the fact that CIRs may be not completely developed at 1 AU, one of their main features is the intense magnetic field, reaching ∼ 30 nT, while the regular values are 10-15 nT (Tsurutani et al., 1995; Gonzalez et al., 1999;  R. P. Silva et al.: Evidence of prompt penetration electric fields Alves et al., 2006; Borovisky and Denton, 2006; Tsurutani et al., 2011a, b) .
It has been known that the high-speed streams from corotating interaction regions are related to the occurrence of high-intensity, long-duration continuous auroral electrojet (AE) activities (HILDCAAs) (Tsurutani and Gonzalez, 1987; Sandanger et al., 2005; Tsurutani et al., 2006a, b; Kim, 2007; Hajra et al., 2014a, b, c) . Therefore, HILDCAA events become more frequent when CIRs arise. HILDCAA takes place during a long recovery phase of Dst index, while interplanetary magnetic field (IMF) B z fluctuation amplitudes can reach around ±10 nT. Some criteria are used to identify the phenomenon: (i) the AE index must reach an intensity peak greater than or equal to 1000 nT; (ii) the AE index needs to be almost continuous and never drop below 200 nT for more than 2 h at a time; (iii) the event must have a duration of at least 2 days; and finally, and very important to mention, (iv) the phenomenon should take place outside the main phase of magnetic storms, i.e., during the recovery phase. It is worth mentioning that all criteria adopted to classify HILDCAA events were defined empirically. However, it is possible to consider a HILDCAA occurrence without strictly following all the criteria cited above Gonzalez, 1987, 1997; Tsurutani et al., 2004 Tsurutani et al., , 2006a Sobral et al., 2006; Hajra et al., 2013) .
Other key feature of HILDCAA events is a positive correlation between the AE index intensity and the Alfvénic fluctuations present in the B z component of the interplanetary magnetic field, which can be described by the expression δV A = δB z /(µ o n i M i ) 1/2 , where δB z is the IMF B z fluctuation amplitude, µ o the magnetic permeability, and n i and M i the ion density and mass, respectively. Since these fluctuations appear more frequently in fast-speed streams from coronal holes, its occurrence is more common in the descending phase and, secondly, in the solar minimum Kozyra et al., 2006; Turner et al., 2006) . Fluctuations of IMF through magnetic reconnection cause the transfer of mass, momentum, and energy of solar wind into the magnetosphere. The physical cause for the prolonged reduction of the Dst index is a continuous injection of plasmas in the ring current, which prevents the natural decay of the ring current. These injections occur even when the IMF B z is not constantly southward (Soraas et al., 2004; Kim, 2007) . In addition to that mentioned above, HILDCAA is associated with the enhancement of magnetospheric relativistic electrons. Hajra et al. (2015) compared it to the isolated HILDCAA events. They assume that about 10-100 keV electrons are injected into the inner magnetosphere during the events, so the anisotropic electrons generate electromagnetic chorus plasma waves constantly, and the chorus waves continuously accelerate the electron to MeV energies (Paulikas and Blake, 1979; Baker et al., 1986; Summers et al., 1998; Meredith et al., 2003; Tsurutani et al., 2006b Tsurutani et al., , 2010 .
Regarding the HILDCAA magnitude, the events may appear from weak to moderate. However, they can present very high emissions of photons per event, becoming more intense than some geomagnetic storms . The important point here is concerned with the duration of the event, because even with a weak or moderate intensity, the photon emissions during HILDCAAs are observed almost constantly for several days, sometimes even weeks. For this reason, concerning the consequences in the equatorial and low-latitude ionosphere, the effects have reduced intensity.
The response of HILDCAA events to the equatorial ionosphere has been investigated in the South American sector. Sobral et al. (2006) studied the behavior of some ionospheric parameters over three equatorial-low-latitude stations on Brazil during three HILDCAA events in 2000 and 2001. Their results did not indicate evidence of prompt penetration electric fields; however, they noted that the ionospheric responses to disturbance dynamo and disturbed thermospheric winds during the events were similar to those observed during a typical storm event. Wei et al. (2008) announced that multiple electric field penetration to equatorial ionosphere is associated with HILDCAAs. This means that short pulses of dawn-dusk electric field bear the shielding effect. Koga et al. (2011) studied one 5-day-long HILDCAA event extracting prompt penetration drift effect. They compared F2 layer vertical drift with an empirical FS97 model (Fejer and Scherliess, 1997) . They found a good agreement between F2 peak height and disturbance dynamo drift calculated by the model. The main objective of this paper is to investigate how the equatorial ionosphere in the Brazilian region behaves during three HILDCAA events, using a cross-correlation analysis between the E y component of the interplanetary electric field and the F2 peak height variation.
Observational data and methodology
In this paper we focus on the equatorial ionospheric response for three HILDCAA events occurring on the following days: 18-22 March (H-03), 6-11 June (H-06), and 18-26 December (H-12) in 2006 during the descending phase of solar cycle 23. The numbers in parentheses refer to the month of the observation.
Geomagnetic indices and interplanetary data
The AE index, the SYM-H index, the solar wind speed (Vsw), and the z component of the IMF (B z ) from the OMNIWeb were used to classify the HILDCAA events, with 1 min resolution (http://omniweb.gsfc.nasa.gov/form/ omni_min.html). The solar radio flux data at 10.7 cm, 2800 MHz, were obtained from the NOAA website (http: //spidr.ionosonde.net/spidr/) with 1-day resolution, and the Kp index data were obtained from the World Data Center for Geomagnetism, Kyoto, Japan (http://wdc.kugi.kyoto-u.ac.jp/ index.html). In this work the daily Kp sum value was used.
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The ionospheric parameter used in this study was the electron density peak height of the F layer (hmF2). The data were obtained from the digisonde installed in São Luís, Maranhão, Brazil (geographic coordinates: 44.6 • W, 2.33 • S; dip latitude 1.75 • S), with the temporal resolution of 15 min. The hmF2 data during HILDCAA events were analyzed and then compared with a set of 3-day averages belonging to a calm period (hmF2_quiet). This calm period was selected during a 15-day interval centered on a HILDCAA event, in which the daily sum Kp, Kp, was less than or equal to 24. Thereafter, it was used a following ionospheric parameter for electron density peak height variation: hmF2 = hmF2 − hmF2_quiet. Every analysis in this work takes into account the hmF2.
Methodology
The method applied in this study consists of a statistical analysis of the prompt penetration electric field effects on the ionosphere during HILDCAA events (Koga et al., 2011) . The geoeffectiveness of the penetration of the interplanetary electric field (IEF) was identified by the correlation analysis between the F2 peak height variation ( hmF2) and the y component of the IEF (E y ). Both hmF2 and E y (E y = −V x × B z ) data were filtered with high-pass filter to allow only direct effects of electric field penetration, with a cutoff frequency of 9.26 × 10 −5 Hz (T = 3 h). This cutoff frequency was chosen to focus on short-lived electric fields, which lasts about 2 h and often is associated with southward and northward B z turnings. However, this cutoff frequency does not exclude the disturbance dynamo effects since, due to the inertia of the neutral air, a few hours are required to establish the disturbed wind system, and once established, the effects can last for several hours (Blanc and Richmond, 1980; Sastri et al., 1988; Abdu et al., 1995 Abdu et al., , 1997 Abdu et al., , 2006 Sobral et al., 1997; Richmond et al., 2003) . Two time intervals were chosen to be representative of day and night periods; that is, 10 to 12 LT represents daytime and 2 to 4 LT represents nighttime. These time intervals have been established because they presented vertical drift peaks associated with the prompt penetration effects according to the empirical model of Fejer and Scherliess (1997) . The Pearson correlation coefficients were calculated for these two periods of time maintaining fixed hmF2 values and preceding the E y values for every 15 min; that is, correlation values are calculated for delays of τ = 0, 15, 30, 45, and 60 min. The intent of doing this way using temporal delays rather than just a fixed value is to analyze whether there is a higher efficiency time between the E y penetration and the hmF2 response.
The purpose of this method is to verify the correlation between the interplanetary/magnetospheric parameters and the ionospheric response in the equatorial region for each of the two periods of the day, during the HILDCAA occurrence.
Besides that, another analysis was done taking into account the time around the pre-reversal enhancement peak (PRE). The Pearson correlation coefficients were calculated for each hour from 17 to 23 LT. The purpose is to examine how the electric fields influence the PRE during the HILD-CAA event.
HILDCAA events
Figures 1, 2, and 3 show the HILDCAA events analyzed in this work. The duration of HILDCAA events is indicated by a horizontal pink bar in the second panel from the top.
It is important to mention that the HILDCAA events chosen to this study were not considered for seasonal analysis. According to Hajra et al. (2013) , in a study involving more than 100 events, no seasonal dependence was found.
The peak height of the F2 layer (red line), the quietday period reference (blue line), and hmF2 (black line) are shown in the top panel of each figure. The hmF2_quiet reference value was estimated using hmF2 data for three quiet days: 5 March ( Kp = 2), 1 April ( Kp = 1+), and 2 April ( Kp = 2) for H-03; 27 May ( Kp = 3+), 4 June ( Kp = 3), and 23 June ( Kp = 3+) for H-06; and 2 December ( Kp = 4), 4 December ( Kp = 1−), and 7 January ( Kp = 2−) for H-12.
Figure 1 regards H-03. It may be seen that the AE index reached peak amplitude values above 1000 nT five times during the event: on 19 March at 08:50 LT (1017 nT) and 18:55 LT (1006 nT) and on 21 March at 13:20 LT (1149 nT), 14:15 LT (1167 nT), and 14:45 LT (1092 nT). The B z fluctuations were around zero with amplitudes within ±5 nT. The solar wind speed (Vsw) increased and remained at 700 km s −1 for several hours. The E y fluctuations were around +4 to −4 mV m −1 . The minimum value of SYM-H reached in the magnetic storm prior to the event was slightly less than 60 nT. Soon after, the SYM-H index shows that the HILDCAA event took place during the recovery phase of the magnetic storm, as marked by the horizontal bar in the second panel. The hmF2 during the event is slightly higher than the average of the quiet days, except for the night of 20 March, in which from 18:00 LT the hmF2 decreased ( hmF2 < 0), i.e., the inhibition of PRE. The PRE is commonly responsible for brief and intense increase in zonal electric field, which leads to a height increase in the equatorial ionosphere and an increase in the growth rate of the generalized Rayleigh-Taylor instability (Abdu et al., 1981 (Abdu et al., , 2003 Basu, 1997; Kelley et al., 2009 ). This instability is responsible for the equatorial spread-F and plasma bubble irregularity; however, these are not the focus of this work.
For the second event (H-06), although the auroral activities remained in high activity throughout the first 2 days, as shown in the third panel of Fig. 2 , its peak value reached 1000 nT only once, which was on 6 June at 16:15 LT (1035 nT). The B z fluctuated significantly during most of the period and the Vsw reached around 650 km s −1 . The E y shows high values in the beginning of the event; however, as time goes by the values were decreasing. During this second event the hmF2 proved to be far higher than the average of quiet days. The hmF2 data gaps were due to either the appearance of a very strong blanketing sporadic E layer or the presence of the critical frequency of the layer below the digisonde low-frequency threshold. An important contribution to the high values of the hmF2 is due to the fact that the PRE presents low values in the solstice of June during the solar minimum. Thus, the difference between disturbed and quiet hmF2 values is higher than in the other two events.
Finally, the third event (H-12) is the most prolonged event of all the events analyzed in the present study, where the event lasted more than 6 days, as shown in Fig. 3 . It was realized that this event was preceded by the CIR storm that started on 18 December, as seen in the SYM-H profile. The AE index peak sometimes exceeded 1000 nT, reaching the maximum value on 22 December at 06:10 LT (1538 nT). The peak-to-peak amplitude of B z fluctuations was around 10 nT, possibly due to the Alfvén waves. The Vsw remained high throughout the event period (above 700 km s −1 ) and the E y presented high oscillations during the first set of days of the event. Regarding the hmF2, it does not differ from the calm day conditions. This is one of the HILDCAA features; it presents short or moderate geoeffective disturbances, mainly when the event is long lasting.
Results and discussion
In this section we will discuss the equatorial ionospheric response to the IEF during the HILDCAA events using a statis- tical analysis of the prompt penetration electric fields effects. The correlation analysis between fixed hmF2 values and preceding the E y values for every 15 min is done using two time intervals, as shown in Fig. 4 . This analysis was done for each HILDCAA day as well as for the days before and after the event. Then, the mean value of each time delay was taken. The 4 days before and the 4 days after the event were taken for comparison purposes. The red solid line represents the HILDCAA event during daytime (10 to 12 LT) and the blue solid line the event during nighttime (2 to 4 LT). The dashed lines are the correlation coefficients for pre-event (rectangle) and post-event (triangle), both during the day (red dotted line) and at night (blue dotted line). The ordinate shows the values of the correlation coefficient, while the abscissa indicates the time delay in decimal hours.
It should be remarked that the correlation coefficient amplitudes was relatively small in all cases here. However, the magnitude of the correlation coefficient is small since the time durations of the southward and northward Alfvénic B z fluctuations are indeed too short to correspond to large correlation coefficients, as it does for the case of geomagnetic storm effects. Therefore, what matters is the overall statistical consistency/regularity of the signal of the correlation coefficient for the respective time period (see Koga et al., 2011) . It was noticed that for H-03 (top panel) the correlation coefficients remained negative during the day and positive during the night, presenting symmetry around correlation zero. Such symmetry is consistent with the fact that the prompt penetrating electric fields present opposite directions considering the local time frame of reference. Comparing the correlation coefficient values for this event, it may be seen that they are smaller for the daytime period than for the nighttime period. This result suggests that the response of the equatorial region with regard to interplanetary electric field penetration is somewhat larger at night. This can be explained by the higher conductivity of the E region during daytime, which R. P. Silva et al.: Evidence of prompt penetration electric fields partially inhibits the F-region zonal electric fields during the prompt penetration. Since the year 2006 was a descending phase of solar cycle 23, the F10.7 values were small, resulting in an ionosphere less conductive than in the solar maximum periods, but this does not alter the fact that during the day the ionization processes are still effective due to the solar radiation. Consequently, the ionosphere is seen to be more sensitive to the electric field penetration overnight.
When the interplanetary electric field E y is positive (dawn-dusk), the electric field penetration into the equatorial ionosphere is eastward during the day, the correlation between the IEF and equatorial zonal electric field (or F2 peak height) is positive during the day (Wei et al., 2008) . However, this is not observed in present study. In the three events studied here, predominantly the correlation is negative (positive) during the day (night). Taking into account the mean values, the peak height of the F2 layer presented a behavior different than expected. Thus, the consequence of these three specifically events in the equatorial ionosphere was the attenuation of the zonal electric field. One interesting case happened during PRE on 20 March, when a clear overshielding event occurred in which E y changed from positive to oscillating around zero (see Fig. 1 ). This means negative prompt penetration electric field during dayside also causing negative variation in hmF2. As E y oscillates around zero, the correlation between E y and hmF2 is not easy to quantify. This corroborates the explanation for the low correlation values of our results.
An abrupt reversal of B z to southward direction from a steady northward condition causes an undershielding con- dition and the region-1 electric field instantaneously penetrates into equatorial and low latitudes. This electric field can operate for between 15 min and 1 h. Conversely, if, after a steady southward configuration, the B z turns to northward, then overshielding occurs (Forbes, 1995; Kikuchi et al., 1996; Fejer, 1997; Abdu et al., 2006; Fejer et al., 2007; Wolf et al., 2007) . If only one abrupt reversal to southward or northward direction occurs, it is classified as a single penetration. When there is an oscillation between northward and southward directions, it is classified as multiple penetrations.
According to Wei et al. (2008) a multiple electric field penetration is associated with HILDCAA. The electric field coupling process lasts from minutes to hours (Senior and Blanc, 1984; Fejer et al., 1990; Huang et al., 2005) , as previously said, but in the present paper delays until 60 min were considered.
The H-06 (central panel) shows correlation change both for the day (from negative to positive) and for the night (from positive to negative) after 30-45 min of delay. During the day until the first 30 min of delay the coefficient was negative with low values. During the night the same behavior occurred during the first 30 min but with positive coefficients. It is well known that, during magnetic storms, the magnetospheric energy input over high latitudes causes heating and upwelling of ionosphere, and, additionally, the disturbance dynamo electric fields dominate the electrodynamical process over middle and low latitudes. This can be seen during HILDCAA events, too. A vertical uplift of the F layer may be seen every day during the event. This result indicates that for the first 30 min of delay the behavior is similar to the H-03 event. For this reason and only for this period, the correlation analysis of the H-06 event presented a predominantly undershielding electric field. The bottom panel shows H-12 with negative correlation coefficients during the day, with very low values, reaching a maximum of −0.1. During the night the correlation coefficients are positive with very low values or practically zero at the beginning of the analysis; however, they are increasing as the time delay increases. This event was the longest, lasting more than 8 days, and it is worth noting that, due to the duration of the event, its consequences in the ionosphere have reduced the intensity of the penetration effects . A weak correlation for this event is due to continuous injection of particles into the ring current. The Dst index is proportional to the kinetic energy of ring current particles, and it may be seen in the second panel of Fig. 3 that during the whole event was low, on average −22.37 nT. As the Dst index is an indicator of geomagnetic activity, this event essentially caused a weak geoeffectiveness in equatorial ionosphere.
All the three events displayed the same behavior: during the daytime the correlation between E y and hmF2 was negative, while it was positive during nighttime. Moreover, in all three cases there is symmetry around correlation equal to zero, which is consistent with the configuration of the prompt penetration electric fields. Note that such symmetry does not occur for the days before and the days after the HILDCAA event. Despite the small values of the correlation coefficients, this methodology was appropriate to observe the behavior of the equatorial and low-latitudinal ionosphere during HILD-CAA events. The important point here, as mentioned before, is the statistical regularity of these coefficients. However, a study with a larger number of events is needed to support this statistic.
Given such low correlation coefficients using two time intervals representative of day and night periods, another ap- proach was done taking into account the time that precedes and follows the pre-reversal enhancement peak, since the elevation of the layer during the PRE is clearly visible on the days of the events. Figure 5 depicts the correlation analysis between E y and hmF2 around PRE peak, i.e., for the range from 17 to 23 LT. Each panel refers to one of the HILDCAA events, distributed as follows: the top panel corresponds to H-03, the central panel to H-06, and the bottom panel to H-12. A cubic spline interpolation was made because the data presented different temporal resolution. After that, the Pearson correlation coefficients were calculated for each individual hour. As each hour provides a value, a representative average was made for that time during the days of the event.
Low values of the correlation coefficients were expected since, during this period, E y has a high oscillation level (±) and the ionospheric F-layer height seems to respond to an integrated action E y in time. However, this analysis showed interesting results. The H-03 and H-06 events show very similar behavior to each other, i.e., practically sinusoidal behavior. Both have almost the same duration, with the AE index remaining quite high throughout the event. The H-12 event is different from the first two, in number of days and intensity of the AE index. This event was not different from the calm day conditions. Another interesting feature that occurred in the H-06 event, and which is different from the others, is due to the layer elevation after 24 LT, as can be seen in Fig. 2 . For this reason greater attention will be devoted to this in future studies. A possible explanation is that B z changes its direction in the transition time in which the electric field changes from positive to negative. That is, an undershielding occurred at the transition time (∼ 22 LT) where the E y changes from positive to negative, followed by an overshielding condition. In fact, just before the transition of the electric field, due to the undershielding raising the layer, it descends with the transition and, when overshielding occurs, the layer returns to rising.
In conclusion, with regard to electric fields in the dusk sector during HILDCAA events, for two first events it was possible to find a kind of relationship between E y and hmF2 under the main focus of the HILDCAA influence. However, it is not possible to associate this with the ionospheric layer elevation only due to HILDCAA effects. Each of the three events displayed a lot of variability, in addition to each event being in a different time of the year and also in different seasons. Furthermore, Sobral et al. (2001) reported that many of disturbed height drifts cannot be explained merely by B z and/or AE time variations and penetration electric fields. Disturbance winds and neutral composition changes can also cause the height of the layer to vary.
Summary and conclusions
It is well known that the electric field penetration from magnetospheric origin to the equatorial region causes an hmF2 variation during the day, while at night the same thing happens but with opposite direction; i.e., the ionosphere rises up during the day at the same time that it falls during the night. This is due to the fact that, no matter the direction of the variation in the electric field, the vertical motion of the F2 layer of the equatorial regions is different for nighttime and daytime periods. However, even though HILDCAAs are perturbed geomagnetic activities, in this work it was noted that the responses of the ionosphere were different than expected.
A major concern about this study was to identify how the equatorial and low-latitude ionosphere over the Brazilian region behaves during HILDCAA events in terms of electric field penetration. On account of this, a study was made in order to see the cross correlation between the penetration of interplanetary electric field and the variation in the F2 layer during HILDCAA events. Initially one representative time range for the daytime and another for nighttime were selected. hmF2 and E y data were high-pass-filtered to allow only effects of direct penetration of electric fields, with a cutoff frequency 9.26 × 10 5 Hz. Thereafter, another approach was used to check the correlation of the same data, but only to the times around the PRE peak.
The main results for each of the three events can be summarized as follows:
- Figure 4 shows that the correlation coefficient presents symmetry around correlation coefficient whose pattern is consistent with polarity of the polar cap potential drop (magnetospheric electric field). Moreover, for the preceding and subsequent days such a symmetry ceases to exist, which corroborates the idea of the existence of net prompt penetration electric fields during the HILDCAA events.
-All events studied here showed high variability from overshielding to undershielding electric fields. Nevertheless, one statistical study with a larger number of events will be necessary to be able to confirm the prevalence of each of them during HILDCAA occurrence.
- Figure 5 presents the HILDCAA influence from 17 to 23 LT, i.e., involving the PRE peak. Despite mean values not being very high, it is important note the quite similar behavior of the events of March and June. This behavior may be perhaps a signal pattern; however, a larger study covering more HILDCAA events is needed to support this hypothesis.
To conclude, the assessment accepted by the authors is that there is clear evidence of prompt penetration electric fields during the HILDCAA events, with their geoeffectiveness (height variations in the F2 layer) being of relatively small amplitude, with the exception of times around the PRE peak, when the HILDCAA is seen to contribute to the elevation of the ionosphere.
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